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(~m9~~ I% < ~,94 and f)m~ ~ Em (25%) ~ 0.12). At the te~eratdres

and cmcen$ratlon ratios where ETCS are likely to be used, gains In as are

%med owr ●uitialent lncrsases 11 cw. 3 mi: mans that increasing

%m 0.Q5 to 0.95 at the expense of !.ncreasirg cm from 0.05 to 0.15
‘5
WIJ!6 rewlt in m overall performmcs gain. The high values of’ as

c ‘-”%is?emtlv Iobtained #Sth electropla9?d black chrome su~estea its LJSein
•-r.~e cxperimntSm M fact, values of US = C.94 and ~Tti (25aC) = 0.09

AI’-= nbtal~, re~rssenting ~ j~rgase in as of 0.09 far an increase in
,.

TLi If mly !3.03 from thnse cammial ETCShavi~ the highst absorptivities.

r~llowiq 5ectlon9 of this paper will desc:ibe t~ experimental procare

‘“”- electro~iatl~ black-chrom on glare t@ss, the optical md

“-’’r~”ic~lingng tests, and a dlscu%slon af tb results.



-kromium ant! lvm comer coatings were deposited, reswctively, for aahesion :0,. !

t% alass and to serve as a base fsr the subsequent electroplated copp?r... -
Next, Er!.ght-acid comer was plated onto the vactim-metaiii.?ed UJD13S.

~!a~ing W5 s~afi.ed at a very 10W current detls~ty of arauna 6J &/m2. After

about 1~ rein, the current was increased to the nonnai c~rrent uensity af abo~t
325 ~/m2C Apprsxlma{:siy ~.005 cm of capper was eiectraplatea. This thick

cooDer layer was plated to carry the heavy curreots nee~ed to ektropiate

black chrome.

The copper-plated tubes @re electroplated with black chrom ..sly a

~hr~onyx plating bath6 at Sandla Laboratories, Albuql~rque, NM. A

successful tlack chrcw electroplate was obtained with a current ckmity af
a&~ A/m2 8x a platl~ Mm? or’ 8-3/4 min. The tw copper-~iated K&es @re

hlacl. cbr~ electroplated, afld subseqmntly ~sed in the optica~ mu

thermal-eycll~ testlog. Several pieces of O.fI163 cm (0.~25 in.) thick

cower f~il were also black chron’e plated aL Sandia :n the sam bath, as

ref~rencf! coatiq~ for the -sample testll-g.

7. . optical and Thermal Cyclinq Testlnq



In orcie” ‘: calibrate the optical Properties af round absoroer surfaces

aaa!~st Simll flat sur?aces, pkces of absorber foil were m?as~red as flat

?JrPzce7., and ;. so as clJrved surfaces by wrapping the fail around uncoated 28

WTq!ass tubes, ~‘u’d placing the fo!!.-covered t~oe into the curved saqIle

b?!~er. (Ther? 11 an impllcit assumption here that the angular dlstrioutian
~c bhp qDtlcal orc~erties is the Sam for the curved foi~ and the cOateC giass. . .

‘.jbt?%. ) In Table I, tyGical m?asurenwmts m the flat and curved folis are

~ive~, as well a~ those For the t~bes befGre thermal-cycling tests were

5Pcm. Note that the values ofRs andRTH (25°C) in Tabie I are

r=.a~onably consistent when compariq the two curved surfaces. The average

-atI,s of flat foil Rs values to curved foil Rs values is 1.30. T5e

av~raw ratio of fiat foil RTH (25°C) values to curved foii RTH (25°C)

v&lJes ‘; :.X, These ratios, masured for t% fa!i whenever Rs and fiTH

(?’+) value~ Wre ~aWred for the tubt?s, Wxe used as a callbratlan to

letprm~np :pe values Of L5 and CT~ (25aC) fgr the curved tubes.

PDD!v1”g thege ratla corrections ta the Rs and RTH (25°C) ‘values far the

nl,ack-chraned ?lJh~S9 we can wmnarize the resdts in Table II. These vai.,ef>
~c ( and . ~d (?’°C) iFI Table II (equal to 0.94 and O.08, r~ssnectively,-,
r .r pntb t,JbPG) cam bc taken as a baseline for the tt)ermal-CyCllng experinnts.

TA8LEI

II!,,;r) rtip r. . —-. > RTH (252C)
——

1. %qnd[.) ‘.)i~,f:a~ 0.05 0.89

h, %rrv ~ly!i, :lJr\wl 0.06 11.75

c, TIJhCI Nn. i 11.!l~ 13.74



TAELEII

%asured
geometry, for

values OF A5 md Cm (25°C) corrected far tmlar
var!ous Mack-chrams selectlve absorbers.

Ilbsorbn > ‘:Tt-1(25°C)

1. %ndia foil !).95 O.ii
2. Eerry ~oil 0.92 0.07
3. T&e No. 1 0.54 flu!
d. T&e lb. 2 0.94 0.08

The thermal-cycllq test% consisted of placlq the two bldck-chrom p:ateu

glass tdx md a piece of Berry fall into a vacwm bakifq system for a periaa

n? tile. The optical properties (33, cm (25°C)) =re VHW mea”dreu

a%er etiifhfh~l CyClfng, at fMOgreSS1’.:klyhlg’wr t~e:~tu~%.

The fail md glass tube %anpJ.es are vacum-bakecl :;: 4 x iCl-5 tarr in a

~a+.z.t~e fu~ce c~*rm The -sa~le: ~r~ baked at i~°C, 2U3°C,

25C1°C, X!O°C. 3.5Cl°C, md 400°C ?or thmx ringing fram 47 % tc 166

hg . Signlficmt chmges in as did mt CECIJ!’for the electroplated twes

mt!l t~ hklng tenperatum reachd the 403°C range. After 165 ns at

~°C, T@eNo. 1 as rkcreased fran the or.lgi~l va~ue of 0.94 to 0.7L;

T@eW. 2 ‘Is &reased ~r~l an orlgimi value of~.q~ to O.F1. The foli

as 91s0 decreased aftsr baking in the 400°C rmge, from an cm!gh: value

o~C1.Q2 to Omm. Ibe emissivities Em (25°C) of both the tube; and the

Mrry fall were l!ttle af?ected by t~ bakirq prnce~% (accuracy far the

GIer-bbrle ln%tr~ts is estinmted~ 1.5%). It should be notPu here tna”.

TWe No. 1, whjch showed a larger degradation in

djWlayed a ru@er, pitted surface after copper

wr%c~ of Tifie Nom2.



sample pkces wre ren’uved from the tubes with a glass-cutting saw. The

~amoles (From Tube No. 1 with the rough surface and No. 2 dth the smooth

wrsace) mre examined by fan and electrcm microprobe. Both samples yieldec
.~~~en~ial~~y ide~tical resdtso

Mass scans on the surfaces of the samples detected the fallowing

=1=’1’!en!s:. . H, Li, B, C, O, F, Na, Mg, AL, Si, Cl, ~, Ca, Pb, and Cu. Aii

rmmnses, except ~m copoer, were of low level, and ~creased w~th sputtering
+pth. It was cancluded that the rmcopper elenmts were present in surface
~~nta~i~ation. The strength of the comer dgnal obtained fram the surface of

tb Pelective coating was approximately 21X of that from pure copper. Ttle

P~3~~hility exists that the copper signal obtained when examining the surface
~c t~p hlaek Chrom layer c,ould have resulted frOm Porositjf in the laYer~.,

‘wl=!rhmmld expose snrsl! regions of the md?rlylng coc@er. This was

~a~t~~ularly su~ected far the pitted surface of Tube No. ]. l+3wever,

+.wn-dimnsivmi im ifmges ?or comer on the surface did not show any

;or?ltzed high concentration of copper as would be expected from a porous

r~at ing.

(ln~-dimensimal ~cans made by the electrcm microErabe over the edge of

wtalloaraph!ca!ly oolished cross-sections of both Sa@les produced resdts

‘y~i~ied by those shown in Fig. 1. These results are suggestive of

o~n~tratlnn of the black chrune layer by copper, but not Df the reverse. The

:qvert !gq~ thar,me micr~~ter in thic~e~sr is too thin ‘or nmre accurate

l’l!v;is by ~l~ntron microprobe.

T’-ertiy%mic CaiCulatlOnS ‘how that copper w1ll mt reduce Cr203.

FI! nenet.ra:t)n ~f cmper by chromium, it seems essentiai that some of the

‘irj~l wu!cl have to be reduced tc chromium. These considerations lend

;;~~~nce to thp itlfilcat!on~ that copper has penetrated the black chrome l~y~r,

hlt F70~ the reverse. Presumably, the rxgher ~oating m T& ho. 1 is

I!loh+.lv t.l?iwwr, and less uliform, than the coating on Tube No, 2, aliowing

cmter oew+.ratlm of the hllck chrom layer by diffusi~ cower atams. A

?a~!~ of .mhakt?d,black-chrome-plat.ec! Sandla c~pper fail was al;o sxamlnt?a by

W:” the el?ctrcm and ion microprobe%. As a result ~f t!w-fiexaminatlb,ls. tt

.ra~?mclIJr!w’! that w detpctahle copper dlffurjion had taken place in the

:+,qkm fnj:,

S.: mefltj~npfi, the ~)lack.chran Berry foli did mL show as d.lceab’e a

,*nr~fi,~7p ~rl L (,*m.’ . -r.04) ar did the thes (3,L ‘ -0.201. The reason
p, ? 5



f~r this is apgarsntly a 0.005 cm (0. ~2 ia.1 layer ,Sf nickei eleczrodeposicaa
~

on the comer before the biack chrme. The qickei acts as a barrier to

di”el~~ion ~F coDper 3tms into the electroplated black chrome, and, hence,
9retards ~gradat~~ of ~~. hchsim of a nickel layer m the giass

%ubes would likewise retard degradation of their X. vailJes.
It is interesting to note that diFfJsian of cojper atoms into physical

m
vapor deposited (PVO) black chrome does mt appear to be a probiem, as it

is witn electroplated black chrome. It can be hypothesized that electro~iatea

~lack chro~ has a ~re open structure th~ PVDblack chrom that allows

dfft’us!m through interstitial voids.

Glass tubes ~re PVOcoated with thin layers of chromium and copper,

before electrodeposltion of copper and black chrome. The initiai optical

llroperties of the black-chronn?-plated tubes wtr~ excellent (as = 0.94, CT”
(’#c) : flo~)m Thermal-cycling tests of the tubes revealed relatively

stable optical properties mtil te~eratures around 4UI”C in vacuum nere

reached. Inclusion of an electroplated layer of nickel between the layer” of

copper and black chronw mJld retard diffusion of cower atoms into the hiiick

ehrm? layer and, hence, retard degradation of .IS for the t~bes at

te~eratures 400°C in vacwm.
Prpcje~~ ETC abso~er ~rraces have 1~~ 0.85, ~:TH (25°c) “’ fl.fi5.

~~e use of ola5q t~es clectradeposited with black chine wfJui~r+~~~ ‘5 ‘-~

~.~h wlthou~ lncr~aslng ~TH (25°C) above 0.08.

The authors Wuid like to thank the Yollowlng [ndiv{dual.;for tneir

cooo?;ation: G. A. Reeves, LA*, for PVO~F the chromium md copper fi!rnt; H.
l). !3ramlett, LASL, for electradeposltim Of copper Layers; l?. H. %weil?

sand?a-n;mm~mue, fcr electrodeposition of black cnr,wf? !ayerG; W. Mc:;reary,

LA5L, for the Ij%e of a vacmm furmce; and W. B. Hutchinmn and W. F. Zelemy,

LPSI., fqr tml~rng.-obe anqly%~q of the ab~orbur wrface%.
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Fig. 1.
One-dimensional distributions of Cu and Cr across

Cu substrate and black chrome coating
on glass tubes.
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